Introduction {#eji3488-sec-0010}
============

Vespula (wasp) and apis (bee) stings cause different clinical reactions in individuals, ranging from the expected localized cutaneous inflammation that is directly mediated by venom and seen in virtually all humans to systemic host response anaphylaxis and death in venom‐allergic individuals [1](#eji3488-bib-0001){ref-type="ref"}. The secondary allergic immune responses are mediated by allergen‐specific IgE antibodies, mast cells, eosinophils, and associated with peptide‐specific type 2 T‐cell responses. Venom allergic individuals have elevated frequencies of venom peptide‐specific T cells circulating in peripheral blood [2](#eji3488-bib-0002){ref-type="ref"}, [3](#eji3488-bib-0003){ref-type="ref"}, [4](#eji3488-bib-0004){ref-type="ref"}, [5](#eji3488-bib-0005){ref-type="ref"}. In other cases peptide‐specificity is unknown or assumed. During venom‐specific immunotherapy, repeated exposure to the venom in a controlled environment leads to allergen desensitization and clinical tolerance induction. Successful immunotherapy has been associated with a rise in allergen‐specific blocking IgG antibodies (IgG4) [6](#eji3488-bib-0006){ref-type="ref"} and a decrease in Th2 cytokines from peptide‐specific CD4+ T cells [7](#eji3488-bib-0007){ref-type="ref"}. This transition from a Th2 cytokine profile bias affects IgE class switching and eosinophil differentiation and survival, which are Th2 cytokine‐dependent [8](#eji3488-bib-0008){ref-type="ref"}. Regulatory T cells have also been implicated in successful desensitization, with an increase in peptide antigen‐specific CD4+CD25+ cells and IL‐10, potentially facilitating IgG4 production [2](#eji3488-bib-0002){ref-type="ref"}, [9](#eji3488-bib-0009){ref-type="ref"}. However, the underlying mechanisms by which allergen immunotherapy achieves clinical improvement in allergic patients are still not fully understood.

The CD1 family of antigen presenting molecules (CD1a, CD1b, CD1c, CD1d) are cell surface glycoproteins expressed on cells capable of presenting lipid antigen [10](#eji3488-bib-0010){ref-type="ref"}. They have significant structural similarities to MHC class I molecules, including a heavy chain that folds to form a hollow antigen‐binding cleft and noncovalent association with β2‐microglobulin. However, CD1 proteins are encoded outside the MHC and are minimally polymorphic [11](#eji3488-bib-0011){ref-type="ref"}. CD1 proteins bind and present lipid antigens, and there are now a growing number of known antigens recognized by T cells, including sphingolipids and phospholipids [12](#eji3488-bib-0012){ref-type="ref"}. For these amphipathic lipids, the alkyl chains lie within the cleft of CD1, while polar head groups extend out and interact with the TCR [13](#eji3488-bib-0013){ref-type="ref"}, [14](#eji3488-bib-0014){ref-type="ref"}. More recently, smaller headless skin oils and related self‐lipid antigens were also shown to bind CD1a and stimulate T cells, where the TCR binds to CD1a without interacting directly with the lipid ligand [15](#eji3488-bib-0015){ref-type="ref"}, [16](#eji3488-bib-0016){ref-type="ref"}.

CD1a is expressed on thymocytes and several APCs in the periphery, but most CD1a expression is found in the skin, where epidermal Langerhans cells (LCs) express CD1a at particularly high density. CD1a is also expressed by subsets of dermal DCs and DCs at other mucosal sites, including the lungs [17](#eji3488-bib-0017){ref-type="ref"}, [18](#eji3488-bib-0018){ref-type="ref"}. Indeed, high intensity CD1a expression has long been used as a marker of LCs [18](#eji3488-bib-0018){ref-type="ref"}. Polyclonal CD1a‐autoreactive T cells are a distinct and normal component of the T‐cell repertoire and are found in most humans [19](#eji3488-bib-0019){ref-type="ref"}, [20](#eji3488-bib-0020){ref-type="ref"}. They were identified in both peripheral blood and skin, expressing skin homing markers, such as cutaneous lymphocyte antigen [19](#eji3488-bib-0019){ref-type="ref"}. Moreover, comparison of CD1a autoreactive T cells to several cell types and organs found that antigenic oils specifically accumulate in the skin [16](#eji3488-bib-0016){ref-type="ref"}. The colocalization of CD1a autoreactive T cells, CD1a proteins, and CD1a‐presented antigens within the skin suggests possible roles in inflammatory skin disease or homeostatic immunity of the skin.

While the recognition of lipid antigens by T cells is well established in healthy donors [16](#eji3488-bib-0016){ref-type="ref"}, [19](#eji3488-bib-0019){ref-type="ref"}, [20](#eji3488-bib-0020){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"}, the role of CD1‐reactive lipid antigens and T cells in disease is largely unstudied. Nevertheless, CD1‐reactive T cells have been implicated in the host defense against pathogens, autoimmune, and anti‐tumor responses [22](#eji3488-bib-0022){ref-type="ref"}, [23](#eji3488-bib-0023){ref-type="ref"}. Studies have shown that CD1d‐restricted T cells may also contribute to the immune response in allergy. For example, mice deficient in NKT restricted to CD1d, did not develop allergen‐induced airway hyper‐reactivity [24](#eji3488-bib-0024){ref-type="ref"}. Lipids, particularly phospholipids, at the pollen surface were shown to bind CD1d and CD1a and were recognized by T cells with highest responses seen in sensitive subjects at the peak of the allergic season [25](#eji3488-bib-0025){ref-type="ref"}. However, most studies have focused on CD1d‐restricted lipids, as only CD1d is expressed in mice, but new tools, including MHC^low^ CD1‐high human APCs now allow cross‐sectional clinical studies in humans [19](#eji3488-bib-0019){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"}

Because wasp and bee venom are normally injected near the site of CD1a expression, we recently investigated wasp and bee venom for the presence of CD1a‐presented antigens using T‐cell clones and polyclonal peripheral blood derived T cells from healthy individuals [21](#eji3488-bib-0021){ref-type="ref"}. Venom contains a number of different active proteins and peptides designed to paralyze prey or parasite hosts or deter predators by causing pain. Some of the proteins, including phospholipase and hyaluronidase, are well known to induce protein‐specific B and T‐cell responses leading to clinical allergic reactivity in susceptible individuals. However, we found CD1a autoreactive cells responding to neolipid antigens. That is, wasp venom phospholipase A1 (PLA1) and bee venom phospholipase A2 (PLA2) act within the skin on intact nonantigenic phospholipids to generate antigenic fatty acids and lysophospholipids [21](#eji3488-bib-0021){ref-type="ref"}. This study suggested that T‐cell responses reactive to CD1a may contribute to the ensuing inflammatory response that is seen nearly universally in humans. However, CD1a‐reactive cells have not been investigated as a possible cause of the exaggerated response seen in venom allergic disease.

To study CD1a‐reactive polyclonal human T cells, we used APCs lacking detectable surface expression of MHC proteins (K562 cells), which minimizes MHC alloreactive responses. K562 cells were transfected to express CD1a (K562‐CD1a) at high density. This can replicate the use of primary CD1a‐expressing antigen presenting cells, allowing us to compare polyclonal CD1a‐reactive T‐cell responses to venom in unrelated healthy and venom allergic individuals [21](#eji3488-bib-0021){ref-type="ref"} We have demonstrated an increase in venom‐responsive CD1a‐reactive T cells with a Th2 bias in allergic compared to nonallergic individuals, and eventual loss of the T cells during acquisition of clinical tolerance, providing evidence for contribution of CD1a and lipids to the allergic response in humans.

Results {#eji3488-sec-0020}
=======

Increased bee venom‐responsive CD1a‐reactive T cells in venom allergic individuals {#eji3488-sec-0030}
----------------------------------------------------------------------------------

We recruited adult individuals with a history of anaphylaxis to bee venom, and a positive skin prick test or raised bee venom‐specific IgE antibodies, as well as healthy controls. To understand the role of lipid antigens in venom allergy, first we investigated cytokine production by venom‐responsive, CD1a‐reactive T cells isolated ex vivo from our allergic and control cohorts. We used K562 cells either mock‐transfected or CD1a‐transfected as a universal target cell system, as they express low levels of MHC‐class I and II, and have been shown to accurately reflect responses observed with monocyte‐derived CD1a‐positive cells, CD34‐derived LC‐like cells, and skin‐derived CD1a‐positive cells [19](#eji3488-bib-0019){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"}. We detected low ex‐vivo IFN‐γ, GM‐CSF, and IL‐13 responses to mock transfected K562 cells, in the presence or absence of bee venom. In the absence of venom, we detected background response to K562 cells at a rate of ∼6 per 10 000, which is similar to that previously reported and likely reflects low level MHC alloreactivity or NK‐cell response [19](#eji3488-bib-0019){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"}. T‐cell autoreactive responses to K562‐CD1a in the absence of bee venom were higher than to mock transfected K562, at ∼ 1:350 T cells, in agreement with previous studies showing circulation of CD1a autoreactive T cells in vivo. This response is thought to be due to recognition of K562‐derived lipids [19](#eji3488-bib-0019){ref-type="ref"}, [20](#eji3488-bib-0020){ref-type="ref"}. However, in the presence of bee venom, significantly increased responses were observed only in the presence of CD1a‐transfected cells, consistent with the conclusion that CD1a mediates the response. Strong evidence for an essential role of CD1a was found when the IFN−γ response were reduced nearly to background levels by a blocking anti‐CD1a antibody (OKT6) but not isotype control (Fig. [1](#eji3488-fig-0001){ref-type="fig"}A left panel). Similar patterns of response were seen with GM‐CSF (Fig. [1](#eji3488-fig-0001){ref-type="fig"}A, middle panel) and IL‐13 (Fig. [1](#eji3488-fig-0001){ref-type="fig"}A, right panel) in response to bee venom and CD1a expressing targets. The frequency of IFN‐γ (*p* \< 0.01; Fig. [1](#eji3488-fig-0001){ref-type="fig"}B, left panel), GM‐CSF (*p* \< 0.001; Fig. [1](#eji3488-fig-0001){ref-type="fig"}B, middle panel), and IL‐13 (*p* \< 0.05; Fig. [1](#eji3488-fig-0001){ref-type="fig"}B, right panel) responding T cells in the presence of K562‐CD1a and bee venom was greater in a panel of bee venom allergic than nonallergic individuals (Fig. [1](#eji3488-fig-0001){ref-type="fig"}B). These responses show that T‐cell responses to bee venom are in part mediated by CD1a, and are increased in bee venom allergic compared to nonallergic individuals.

![Bee allergic individuals show increased bee venom responsive CD1a‐reactive T cells compared to nonallergic individuals. CD3+ T cells were isolated from peripheral blood of nonallergic (*n* = 8) and bee allergic individuals (*n* = 5) by magnetic bead separation. (A) CD1a reactivity was examined by ELISpot with K562 or K562‐CD1a in the presence or absence of bee venom (1 μg/mL) and/or 10 μg/mL anti‐CD1a mAb (OKT6). Data bars are shown as mean ± SEM and are from 1 allergic donor out of five studied. (B) Frequency of CD1a‐reactive T cells responsive to bee venom above the auto‐reactive response. Data are shown as mean ± SEM and are pooled from 13 independent experiments, each performed in duplicate. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; unpaired nonparametric *t* test.](EJI-46-242-g001){#eji3488-fig-0001}

Bee venom PLA2 reproduces the CD1a‐reactive whole venom response in allergic individuals {#eji3488-sec-0040}
----------------------------------------------------------------------------------------

Phospholipase (PLA) is known to be an important target for peptide‐specific T cells in venom allergic individuals [2](#eji3488-bib-0002){ref-type="ref"}, [3](#eji3488-bib-0003){ref-type="ref"}, [4](#eji3488-bib-0004){ref-type="ref"}, [5](#eji3488-bib-0005){ref-type="ref"}. Previously, we have shown that PLA2 in bee venom can generate CD1a lipid antigens for recognition by CD1a‐reactive T cells in cultured assays of T cells derived from healthy donors [21](#eji3488-bib-0021){ref-type="ref"}. We therefore sought to determine if the increased T‐cell responses to bee venom in allergic individuals were also generated by PLA2 itself or whether other pathways were important in allergy. In the presence of PLA2 and K562‐CD1a, ex‐vivo T cells produced IFN‐γ, GM‐CSF, and IL‐13 (Fig. [2](#eji3488-fig-0002){ref-type="fig"}A). Responses were CD1a‐reactive as the T‐cell responses to PLA2 were abrogated in the presence of a blocking anti‐CD1a antibody but not an isotype control (Fig. [2](#eji3488-fig-0002){ref-type="fig"}A). The frequency of IFN‐γ (ns; Fig. [2](#eji3488-fig-0002){ref-type="fig"}B, left panel), GM‐CSF (*p* \< 0.05; Fig. [2](#eji3488-fig-0002){ref-type="fig"}B, middle panel), and IL‐13 (*p* \< 0.05; Fig. [2](#eji3488-fig-0002){ref-type="fig"}B, right panel) producing T cells in the presence of K562‐CD1a and PLA2 above the autoreactive response, was greater in bee venom allergic than nonallergic individuals. Thus, the increase in IFN‐γ, GM‐CSF, and IL‐13 producing CD1a‐reactive T cells in bee venom allergic individuals was similar in magnitude and pattern to that observed with PLA2 and whole bee venom.

![Bee allergic individuals show increased frequencies of CD1a‐reactive T cells responsive to bee venom PLA2 compared to nonallergic individuals. CD3+ T cells were isolated from peripheral blood of nonallergic (*n* = 9) and bee allergic individuals (*n* = 5) by magnetic bead separation. (A) CD1a reactivity was examined by ELISpot with K562 or K562‐CD1a in the presence or absence of bee venom PLA2 (1 μg/mL) and/or 10 μg/mL anti‐CD1a mAb (OKT6). Data bars are shown as mean ± SEM and are from one allergic donor of five studied. (B) Frequency of CD1a‐reactive T cells responsive to bee venom PLA2 above the autoreactive response. Data are shown as mean ± SEM and are pooled from 14 independent experiments, each performed in duplicate. \**p* \< 0.05; \*\**p* \< 0.01; unpaired nonparametric *t* test.](EJI-46-242-g002){#eji3488-fig-0002}

Increased CD1a reactivity to wasp venom in allergic individuals {#eji3488-sec-0050}
---------------------------------------------------------------

Separately, we also investigated human T‐cell responses to wasp venom and CD1a. Adult wasp allergic individuals with a history of anaphylaxis to wasp venom, and a positive skin prick test or raised wasp venom‐specific IgE antibodies were recruited. In the presence of wasp venom and K562‐CD1a, T‐cell responses were observed, which were not seen in the absence of CD1a expression, absence of venom or after treating with anti‐CD1a blocking antibody. Patterns of IFN‐γ, GM‐CSF, and IL‐13 were similar in detailed testing of one individual (Fig. [3](#eji3488-fig-0003){ref-type="fig"}A). As with bee venom allergy, increased in IFN‐γ (*p* \< 0.05; Fig. [3](#eji3488-fig-0003){ref-type="fig"}B, left panel), GM‐CSF (*p* \< 0.05; Fig. [3](#eji3488-fig-0003){ref-type="fig"}B, middle panel) and IL‐13 were all significant (*p* \< 0.05; Fig. [3](#eji3488-fig-0003){ref-type="fig"}B, right panel) when comparing each of these cytokines between a cohort of wasp venom allergic and nonallergic individuals. Thus human CD1a‐mediated responses to bee and wasp venom are both elevated in allergic individuals and are similar in frequency, strength, and cytokine pattern.

![Wasp allergic individuals show increased levels of wasp venom responsive CD1a‐reactive T cells compared to nonallergic individuals. CD3+ T cells were isolated from peripheral blood of nonallergic and (*n* = 9) wasp allergic individuals (*n* = 9) by magnetic bead separation. (A) CD1a reactivity was examined by ELISpot with K562 or K562‐CD1a in the presence or absence of wasp venom (1 μg/mL) and/or 10 μg/mL anti‐CD1a mAb (OKT6). Data bars are shown as mean ± SEM and are from one allergic donor of nine studied. (B) Frequency of CD1a‐reactive T cells responsive to wasp venom above the auto‐reactive response. Data are shown as mean ± SEM and are pooled from 18 independent experiments, each performed in duplicate. \**p* \< 0.05; \*\**p* \< 0.01; unpaired nonparametric *t* test.](EJI-46-242-g003){#eji3488-fig-0003}

Cross‐reactivity of wasp and bee venom responsive CD1a‐ reactive T cells {#eji3488-sec-0060}
------------------------------------------------------------------------

Prior studies completed outside the context of CD1a have shown that individual patients with allergy to bee or wasp show a predisposition to show cross‐sensitization and cross‐reactivity [26](#eji3488-bib-0026){ref-type="ref"}. To investigate whether wasp and bee allergic individuals respond to the same ligands presented by CD1a, we cultured CD3+ T cells from adult individuals with wasp‐venom pulsed, bee venom‐pulsed or bee PLA2‐pulsed and irradiated K562‐CD1a APCs for 10--14 days. The resulting T‐cell lines derived with one antigen were then tested for cross‐reactivity to all three antigens. T cells cultured in the presence of wasp venom and CD1a were enriched for wasp venom responsive CD1a‐reactive T cells. However, these cells were also able to respond to bee venom and bee PLA2. (Fig. [4](#eji3488-fig-0004){ref-type="fig"}A left panel). Similarly, T cells cultured in the presence of bee venom (Fig. [4](#eji3488-fig-0004){ref-type="fig"}A, middle panel) or PLA2 (Fig. [4](#eji3488-fig-0004){ref-type="fig"}A, right panel) and CD1a were also able to respond to wasp venom.

![Cross‐venom CD1a‐reactive T‐cell responses. T‐cell lines were generated by culturing CD3+ T cells from adult human peripheral blood for 10--14 days in the presence of wasp venom‐pulsed, bee venom‐pulsed or bee PLA2‐pulsed irradiated K562‐CD1a cells. (A) CD1a reactivity of antigen enriched T‐cell lines from wasp venom allergic (left panel) or bee venom allergic (middle and right panels) individuals was examined by IFNγ‐ELISpot in response to K562‐CD1a cells in the presence of wasp venom, bee venom, or bee PLA2. Data bars are shown as mean ± SEM and are representative of three donors with wasp venom allergy and three donors with bee venom allergy, respectively. (B) CD1a reactivity of ex‐vivo T cells from a wasp (WVA; left panel) and a bee venom allergic (BVA; middle panel) individual was examined by IFN‐γ‐ELISpot in response to K562‐CD1a cells in the presence of wasp venom, bee venom, or bee PLA2. Skin‐derived CD1a‐positive cells were pulsed with bee PLA2 and incubated with a PLA2‐responsive CD1a‐reactive T‐cell line and IFN‐γ production was measured by ELISpot (right panel). Data bars are shown as mean ± SEM and are representative of three donors with wasp venom allergy and three donors with bee venom allergy, respectively. \**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001; unpaired nonparametric *t* test.](EJI-46-242-g004){#eji3488-fig-0004}

The simplest explanation is the T‐cell lines are responding to the same or similar antigens in each case. This favored interpretation is also supported by a prior study, which dissected the role of wasp and bee venom PLA [21](#eji3488-bib-0021){ref-type="ref"}. This study and other studies of the specificity of wasp and bee venom PLA, demonstrated that PLA acts to generate free fatty acids and lysophospholipids [21](#eji3488-bib-0021){ref-type="ref"}, both of which are known as antigens for CD1a or CD1d [15](#eji3488-bib-0015){ref-type="ref"}, [27](#eji3488-bib-0027){ref-type="ref"}. Last, it is notable that the absolute response to CD1a of human T‐cell lines generated by repeated exposure to CD1a is higher (Fig. [4](#eji3488-fig-0004){ref-type="fig"}), and in some cases more than tenfold higher than seen directly ex vivo (Fig. [1](#eji3488-fig-0001){ref-type="fig"}, [2](#eji3488-fig-0002){ref-type="fig"}, [3](#eji3488-fig-0003){ref-type="fig"}). This result is not expected if venoms are providing foreign lipid antigens but is expected if T cells are responding to self‐lipid antigens that are more efficiently liberated by wasp‐derived enzymes.

Separate studies of ex vivo polyclonal T‐cell responses among allergic individuals found that T cells from wasp venom allergic individuals (Fig. [4](#eji3488-fig-0004){ref-type="fig"}B left panel) responded to wasp venom, bee venom, and bee PLA2 and vice versa (Fig. [4](#eji3488-fig-0004){ref-type="fig"}B, middle panel). Having shown that bee PLA2 can reproduce the response seen to whole venom, this further suggests that wasp and bee venom responsive CD1a‐reactive T cells may respond to the same ligands, generated by PLA2. We have further demonstrated that the T‐cell responses to PLA2 are not restricted to the K562 cell line, but are also generated with primary skin‐derived CD1a+ cells (Fig. [4](#eji3488-fig-0004){ref-type="fig"}B right panel).

Venom immunotherapy modulates CD1a‐ reactive T‐cell frequency and function {#eji3488-sec-0070}
--------------------------------------------------------------------------

Subcutaneous immunotherapy is a highly effective treatment for patients with systemic allergic venom reactions [28](#eji3488-bib-0028){ref-type="ref"}. However, the underlying mechanisms are still not fully understood. Having shown that CD1a‐reactive T cells respond to venom‐derived antigens, we next investigated whether these cells were involved in clinical tolerance induction and desensitization. We analyzed T cells isolated from peripheral blood of nine wasp venom allergic individuals, taken at weekly intervals for 8 weeks, just prior to antigen administration. All patients achieved clinical tolerance to wasp venom by week 8, which was demonstrated as the ability to tolerate the equivalent of two sting doses (100 μg). We examined polyclonal T‐cell responses by ELISpot analysis of IFN‐γ release to K562 or K562‐CD1a in the presence or absence of wasp venom. Initially, with increasing allergen dose, we observed induction of IFN‐γ producing wasp venom responsive CD1a‐reactive T cells (*p* \< 0.05), reaching a peak at week 5 of immunotherapy (Fig. [5](#eji3488-fig-0005){ref-type="fig"}A). However, the frequency of these cells then fell by week 6 and reached preimmunotherapy levels by week 8 (Fig. [5](#eji3488-fig-0005){ref-type="fig"}A), despite continued increases in antigen dose administered. We also measured IL‐13 and IL‐10 secretion in ELISpot supernatant by ELISA. A similar increase in IL‐13 levels was detected above the autoreactive response, in the presence of K562‐CD1a and wasp venom, peaking at week 4--5 (*p* \< 0.05), and falling by week 8 (Fig. [5](#eji3488-fig-0005){ref-type="fig"}B), suggesting the loss of functional Th2 responses. IL‐10 secretion by wasp venom responsive CD1a‐reactive T cells did not significantly vary over the course of immunotherapy but the responses were close to the limit of detection, suggesting that IL‐10 is not produced in large amounts by the T cells (Fig. [5](#eji3488-fig-0005){ref-type="fig"}C). We have previously published data from the same cohort to show that the successful immunotherapy associated with wasp venom‐specific IgG4 production and induction of wasp venom peptide‐specific T cells at similar patterns to the lipid‐specific T cells presented herein [2](#eji3488-bib-0002){ref-type="ref"}. Overall these data demonstrate that CD1a‐reactive T‐cell responses to wasp venom are initially induced during immunotherapy, but IFN‐γ and IL‐13 responses are reduced toward the end of immunotherapy despite increasing antigen dose.

![Longitudinal cytokine responses to immunotherapy in wasp venom allergic patients. CD3+ T cells were isolated from peripheral blood by magnetic bead separation from wasp venom allergic individuals, following polyclonal PBMC expansion. (A) Polyclonal wasp venom responsive CD1a‐reactive T‐cell frequencies were measured in nine wasp venom allergic individuals by IFN‐γ ELISpot with K562 or K562‐CD1a in the presence or absence of wasp venom (1 μg/mL). Data are shown as mean ± SEM and are pooled from nine independent experiments, each performed in duplicate. IL‐13 (B) and IL‐10 (C) secretion in response to wasp venom by CD1a‐reactive T cells from seven wasp venom allergic individuals were measured by ELISA. Data are shown as mean and are pooled from seven independent experiments, each performed in duplicate. \**p* \< 0.05; Wilcoxon matched‐pairs signed rank test.](EJI-46-242-g005){#eji3488-fig-0005}

Discussion {#eji3488-sec-0080}
==========

Venom allergy is an important cause of anaphylaxis, with a prevalence of 0.3--7.5% in the population [29](#eji3488-bib-0029){ref-type="ref"} and has been studied as a model of hypersensitivity and inflammation. Venom protein‐ and peptide‐specific responses have been relatively well characterized in venom allergy [2](#eji3488-bib-0002){ref-type="ref"}, and allergic individuals are known to have raised levels of allergen‐specific Th2, B cells, and IgE [30](#eji3488-bib-0030){ref-type="ref"}, [31](#eji3488-bib-0031){ref-type="ref"}, with infiltration of allergen‐specific T cells in the skin and increased production of Th2 cytokines [31](#eji3488-bib-0031){ref-type="ref"}. Having shown previously that CD1a‐reactive T cells from blood and skin of healthy individuals respond to wasp and bee venom [21](#eji3488-bib-0021){ref-type="ref"}, here we show that venom allergic individuals have a higher frequency of venom responsive IFN‐γ, GM‐CSF, and IL‐13 producing CD1a‐reactive T cells. IL‐13 is associated with type 2 immune responses and allergic inflammation, particularly through the promotion of IgE class switching. CD1a‐reactive T‐cell production of IL‐13 might therefore promote venom peptide‐specific Th2 responses and subsequent IgE production. It is of interest that the CD1a‐reactive T cells were detectable without an antigen‐specific expansion step, in contrast to our studies of peptide‐specific Th2 responses from the same cohort [2](#eji3488-bib-0002){ref-type="ref"}. Although the specific cause for ex vivo detection in this case is not known, CD1a autoreactive T cells have a high precursor frequency in the skin [19](#eji3488-bib-0019){ref-type="ref"}. In the skin, IL‐13 upregulates keratinocyte expression of matrix metalloprotease (MMP) 9 and chemokine ligand (CCL) 22 [32](#eji3488-bib-0032){ref-type="ref"}, [33](#eji3488-bib-0033){ref-type="ref"}. MMP is involved in tissue remodeling and so facilitates infiltrating cell migration [32](#eji3488-bib-0032){ref-type="ref"}. CCL22 acts as a chemoattractant for T cells expressing chemokine (C‐C motif) receptor (CCR) 4. CCR4 is predominantly expressed on Th2 cells [34](#eji3488-bib-0034){ref-type="ref"} and is important for skin infiltration in disease [35](#eji3488-bib-0035){ref-type="ref"}. Indeed, IL‐13 stimulated keratinocytes were shown to preferentially attract CCR4+CD4+ cells [33](#eji3488-bib-0033){ref-type="ref"}.

GM‐CSF has a wide range of effector functions, altering T‐cell responses directly or indirectly, by influencing APC. In the skin, GM‐CSF is produced by and influences many cells, including enhancing keratinocyte growth and LC recruitment and maturation [36](#eji3488-bib-0036){ref-type="ref"}, [37](#eji3488-bib-0037){ref-type="ref"}. It can therefore act as a link between the innate and adaptive immune response, and so could contribute to the allergic inflammation in venom allergy. IFN‐γ is a multifunctional cytokine that is important in skin inflammation [38](#eji3488-bib-0038){ref-type="ref"}, [39](#eji3488-bib-0039){ref-type="ref"}. It is known to upregulate keratinocyte expression of human leukocyte antigen, cell adhesion proteins, and chemokines. This is further enhanced by Th2 cytokines IL‐13 and IL‐4 [33](#eji3488-bib-0033){ref-type="ref"}, facilitating leukocyte infiltration, and peptide presentation, allowing IFN‐γ to further drive the allergic response.

Insects inject venom to kill prey, parasitize, or repel predators and so contain different toxic substances, including PLA. We have previously shown that venom PLA injected into the skin cleaves phospholipid substrates from the skin or from venom itself [21](#eji3488-bib-0021){ref-type="ref"}. Products of venom PLA activity, including free fatty acids and lysophospholipids, were recently shown to bind CD1a, found on nearby LCs and dermal dendritic cells [15](#eji3488-bib-0015){ref-type="ref"}, [16](#eji3488-bib-0016){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"} and indeed the skin is abundant in CD1a‐binding lipids [16](#eji3488-bib-0016){ref-type="ref"}. These neolipids generated by PLA activity are recognized by CD1a‐reactive T cells [21](#eji3488-bib-0021){ref-type="ref"}. Here, we have shown that PLA2 responsive CD1a‐reactive T‐cell responses are increased in bee venom allergic compared to nonallergic individuals. Through the initiation of IL‐13, GM‐CSF, IFN‐γ secretion, and potentially other cytokines, PLA2 may help drive the allergen peptide‐specific Th2 response and protein‐specific IgE response. Indeed elegant studies have shown that PLA‐derived peptides represent an important target for T cells from venom allergic individuals and can be used to modulate clinical reactivity [3](#eji3488-bib-0003){ref-type="ref"}, [4](#eji3488-bib-0004){ref-type="ref"}, [5](#eji3488-bib-0005){ref-type="ref"}.

CD1a expression is highly restricted to certain tissues, with the most abundant expression on LCs, and CD1a is expressed on more myeloid DC subsets that are migratory and often seen in the dermis [17](#eji3488-bib-0017){ref-type="ref"}, [18](#eji3488-bib-0018){ref-type="ref"}. Natural ligands for CD1a, such as wax esters, free fatty acids, and squalene are found in the stratum corneum, separating antigen presenting molecule and ligand under steady‐state conditions. Therefore, current models [19](#eji3488-bib-0019){ref-type="ref"} emphasize local release of self‐antigens that can augment T‐cell responses to CD1a, suggesting that venom injected into the skin triggers the cleavage of intact self‐phospholipids into activating forms. The identity of antigens was solved in other studies [15](#eji3488-bib-0015){ref-type="ref"}, [16](#eji3488-bib-0016){ref-type="ref"}, [21](#eji3488-bib-0021){ref-type="ref"} but our current results do show that treatment of T cells with active venoms increases the observed CD1a reactivity.

In considering the cross‐reactivity among insect species, we found previously that in addition to having its well‐known PLA1 activity, wasp venom PLA also has a degree of PLA2 activity so that the two venoms would be expected to have similar effects on host phospholipids [21](#eji3488-bib-0021){ref-type="ref"}. Here, we show that CD1a‐reactive T cells responding to wasp venom can also recognize bee venom and vice versa. This further suggests that wasp and bee venom PLA may act on similar substrates and generate similar CD1a reactive lipid antigens, resulting in a cross‐venom CD1a‐reactive T‐cell response. Indeed it is known that some individuals with bee venom allergy are also allergic to wasp venom suggesting that common pathways of allergenicity may be involved [26](#eji3488-bib-0026){ref-type="ref"}. This raises the possibility that future diagnostic or immunotherapeutic approaches may target the shared CD1a‐reactive response to modulate the subsequent allergic process and provides a specific rationale to consider PLA and the lipid products of PLA, namely fatty acids and lysolipids, as immunodiagnostic and immunotherapeutic targets. Having established raised frequencies of wasp venom responsive CD1a‐reactive T cells in venom allergy, further studies could focus on their influence on the peptide‐specific immune response, including allergen‐specific B cells and IgE production.

Immunotherapy provides an opportunity to understand the mechanisms involved in generating and maintaining long‐term clinical tolerance. This is likely to be important in the future treatment of a number of immune disorders, including allergy and autoimmunity [40](#eji3488-bib-0040){ref-type="ref"}, [41](#eji3488-bib-0041){ref-type="ref"}. Within days of commencing immunotherapy, a decrease in mast cell and basophil activation and degranulation has been reported [42](#eji3488-bib-0042){ref-type="ref"}, [43](#eji3488-bib-0043){ref-type="ref"}. Allergen‐specific effector T and B cells shifting toward a regulatory phenotype appears to be important, inducing effector T‐cell tolerance, decreasing proinflammatory cytokines from mast cells, decreasing eosinophil function and activity, and directing allergen‐specific antibody isotype from IgE to IgG4 [9](#eji3488-bib-0009){ref-type="ref"}, [28](#eji3488-bib-0028){ref-type="ref"}. We show here the induction of wasp venom responsive CD1a‐reactive T cells producing IFN‐γ and IL‐13 during the first 4 weeks of immunotherapy, providing further evidence that CD1a‐reactive T cells respond to wasp venom and are generated through antigen exposure. However, we show a reduction in IFN‐γ and IL‐13 producing CD1a‐reactive T cells in response to wasp venom from week 4 of immunotherapy despite increasing antigen dose. Whether this reduction in IFN‐γ and IL‐13 producing CD1a‐reactive T cells is sustained beyond week 8 is unknown, however, it is noteworthy that it coincides with the induction of clinical tolerance, suggesting that wasp venom responsive CD1a‐reactive T cells may play a role in allergic disease. It is possible that wasp venom responsive CD1a‐reactive T cells become less responsive or even anergic, with continued exposure to increasing doses of allergen.

It is interesting to note that during a sting, venom is delivered directly into the epidermis and dermis where CD1a‐expressing cells are present. In contrast, during immunotherapy, venom is delivered subcutaneously, where there are fewer CD1a‐expressing cells. This leads to the prediction that successful immunotherapy may partly depend on site of delivery. This is indeed the case, as subcutaneous or oral delivery of grass pollen lead to systemic clinical tolerance. It is also of note that peptide‐based immunotherapy can produce clinical efficacy, consistent with the possibility that it is the lipids that contribute the allergic process [5](#eji3488-bib-0005){ref-type="ref"}. Although we observed an increase in frequency of venom responsive T cells in the first few weeks of immunotherapy, we speculate that immunotherapy achieves clinical tolerance in part by bypassing CD1a and therefore modulating the phenotype of the subsequent peptide‐specific T‐cell and IgE responses.

In summary, we have shown increased frequency of venom responsive CD1a‐retricted T cells in allergic individuals, suggesting a role for these cells in allergic disease. The loss of responses seen during immunotherapy despite increasing antigen doses, suggests that CD1a‐reactive responses may shape the subsequent peptide‐specific and IgE responses. The findings have implications for mechanisms of allergy and of clinical tolerance induction, with relevance to many forms of hypersensitivity. Whereas all current approaches focus on the role of proteins or peptides in T‐cell response, these findings support a broad new view in which CD1a and nonpeptide antigens could participate in allergy. Because many known allergens are nonspecific small molecules, the proof of principle for a role of CD1a in allergic responses could promote generally new approaches to immunodiagnosis and treatment.

Materials and methods {#eji3488-sec-0090}
=====================

Donors {#eji3488-sec-0100}
------

PBMC were isolated from healthy adult donors (age range 25--50 years) with a previous history of bee or wasp sting, and from wasp and bee allergic individuals with a history of anaphylaxis under local ethics approval (CO2.291 and 09/H0606/71). T cells were isolated using CD3 MACs bead separation (Miltenyi Biotec, Germany) for ex‐vivo assays. Or, PBMCs were expanded by culturing with feeder cells for 14--20 days (1000 patient PBMCs plus 0.2 × 10^6^ irradiated donor PBMCs and 0.4 × 10^6^ transformed B‐cell line per well of a round‐bottom 96‐well plate in RPMI supplemented with 100 IU/mL penicillin, 100 μg/mL streptomycin, 2 mM L‐glutamine, and 5% human serum (Sigma‐Aldrich, MO, USA), nonessential amino acids, HEPES, sodium pyruvate, and 2‐mercaptoethanol (Life Technologies, CA, USA) in the presence of 1 nM IL‐2 (PeproTech, NJ, USA) and 50 ng/mL anti‐CD3 antibody (OKT3). After cell numbers had expanded, T cells were isolated using CD3 MACs beads (Miltenyi Biotec, Germany). T‐cell lines were generated using CD3+ cell isolated by MACs bead separation from healthy adult human peripheral blood. T cells were then cultured with wasp venom, bee venom, or PLA2 pulsed irradiated K562‐CD1a cells for 10--14 days. T‐cell lines were further enriched for PLA2 reactivity using the IFN‐γ secretion assay (Miltenyi Biotec, Germany) following manufacturer instructions.

Isolation of CD1a+ cells {#eji3488-sec-0110}
------------------------

Migratory, adherent cells from the epidermis of skin sections were harvested following 5 days of culture in complete media and enriched for CD1a^+^ cells by MACs cell separation (Miltenyi Biotec) [21](#eji3488-bib-0021){ref-type="ref"}. The CD1a^+^ cells were incubated with 10 μg/mL anti‐HLA‐ABC and anti‐HLA‐DR blocking antibodies (W6/32 and L243, respectively, for 1 h before coculture with T cells, to minimize HLA‐restricted responses.

ELISpot {#eji3488-sec-0120}
-------

CD1a reactivity was assessed by IFN‐γ, GM‐CSF, and IL‐13 ELISPOT (Mabtech AB, Sweden). ELISpot plates (Millipore Corp., MA, USA) were coated with anti‐cytokine antibody overnight (Mabtech AB, Sweden). K562 cells were pulsed with 1 μg/mL venom or PLA2 (Sigma‐Aldrich) overnight, and were then washed and resuspended in R5\* (RPMI supplemented with 2 mM L‐glutamine, 100I U/mL penicillin, and 100 μg/mL streptomycin plus 5% human serum). The plates were washed six times with RPMI and blocked for 1 h with RPMI supplemented with 2 mM L‐glutamine, 100 IU/mL penicillin, and 100 μg/mL streptomycin plus 10% human serum (R10\*). A total of 50 000 T cells were added per well to which 25 000 K562 cells were added. In some experiments 10 μg/mL anti‐CD1a blocking antibody (OKT‐6) or 10 μg/mL IgG1 isotype control were added to K562 before addition of T cells. Wells were set‐up in duplicate or triplicate. Phorbol myristate acetate 10 ng/mL and Ionomycin 500 ng/mL was included as a positive control, and T cells alone in the absence of K562 was included as a negative control. After overnight incubation at 37°C and 5% CO~2~, culture supernatants were recovered, and plates were washed x 6 in PBS‐Tween 0.05% and incubated with 1 μg/mL of biotin‐linked anti‐IFN‐γ monoclonal antibody (Mabtech AB, Sweden) for 2 h. After washing x 6 in PBS‐Tween 0.05%, the plates were incubated for a further 1 h with streptavidin‐alkaline phosphatase (Mabtech AB, Sweden). Spots were visualized using an alkaline phosphatase conjugate substrate kit (Biorad, Hercules, CA, USA) and enumerated using an automated ELISpot reader (Autimmun Diagnostika gmbh ELISpot Reader Classic, Germany).

ELISA {#eji3488-sec-0130}
-----

IL‐10 and IL‐13 production was measured in recovered ELISpot supernatants by ELISA (Human IL‐10 Ready‐Set‐Go!^®^; Ebioscience CA, USA (2--300 pg/mL range), and IL‐13 Human Ultrasensitive ELISA Kit; Life Technologies, CA, USA (0.78--50 pg/mL range)), as per manufacturers' instructions.

Statistics {#eji3488-sec-0140}
----------

Allergic and healthy donors investigated for CD1a‐reactive wasp venom, bee venom, and PLA2‐specific responses were analyzed using one‐tailed Mann--Whitney unpaired *t* tests. Changes detected over the course of immunotherapy were analyzed using one‐tailed Wilcoxon matched‐pairs signed rank test.
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:   chemokine ligand
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